Plant volatiles serve as key foraging and oviposition cues for insect herbivores as well as their natural enemies, but little is known about how genetic variation within plant populations influences volatile-mediated interactions among plants and insects. Here, we explore how inbred and outbred plants from three maternal families of the native weed horsenettle (Solanum carolinense) vary in the emission of volatile organic compounds during the dark phase of the photoperiod, and the effects of this variation on the oviposition preferences of Manduca sexta moths, whose larvae are specialist herbivores of Solanaceae. Compared with inbred plants, outbred plants consistently released more total volatiles at night and more individual compounds-including some previously reported to repel moths and attract predators. Female moths overwhelmingly chose to lay eggs on inbred (versus outbred) plants, and this preference persisted when olfactory cues were presented in the absence of visual and contact cues. These results are consistent with our previous findings that inbred plants recruit more herbivores and suffer greater herbivory under field conditions. Furthermore, they suggest that constitutive volatiles released during the dark portion of the photoperiod can convey accurate information about plant defence status (and/or other aspects of host plant quality) to foraging herbivores.
Introduction
Olfaction is a key sensory modality for most insects, and volatile organic compounds emitted by plants serve as foraging cues for both insect herbivores and their natural enemies [1] . A major focus of past research on the role of plant volatiles as info-chemicals has been on understanding how quantitative and qualitative changes in volatile emissions induced by herbivory, pathogen infection and other environmental stressors convey information about plant status to-and consequently influence the behaviour of-insects and other organisms [2] [3] [4] [5] [6] [7] . The exploitation of herbivore-induced plant volatiles by insect predators and parasitoids, for example, is widespread and well documented [2, 8, 9] . Induced plant volatiles are also known to guide foraging and oviposition by insect herbivores [10] , in some cases serving as aggregation cues [11] but in others eliciting aversive responses that probably reflect reduced host plant quality resulting from the presence of competitors and prior induction of plant defences [12, 13] .
Despite the greater focus on induced plant volatiles, constitutive volatile emissions are also known to play important roles in mediating interactions between plants and insects. The composition of constitutive volatile blends emitted by different plant species and tissues can vary in systematic ways [10, 14] . Thus, constitutive plant volatile emissions can provide host-location cues for insect herbivores that may convey information about plant identity and ecologically relevant aspects of the plant phenotype. It is reasonable to & 2013 The Author(s) Published by the Royal Society. All rights reserved.
assume that such interactions frequently entail the exploitation by herbivores of emissions that serve no adaptive signalling function for the plant but rather derive as byproducts of plants' normal physiological activities [5, 15, 16] . However, it is also possible that constitutive emissions may in some cases play an active signalling function. For example, emissions that provide accurate information regarding plant defence status or nutritional quality could mediate herbivore choices among potential hosts.
Despite the well-established role of plant volatiles as foraging cues for insects, we know relatively little about how these cues, or the interactions they mediate, are influenced by intraspecific genetic variation among plants or other population-level processes such as population genetic structure and mating systems. Several greenhouse and growth chamber studies of cultivated species have reported differences among cultivars/varieties in volatile production [17, 18] , but only a few studies have examined variation for volatile production within non-cultivated species [19] [20] [21] . To address this gap in our current knowledge, we have begun investigating the population ecology and evolution of volatile-mediated plant -insect interactions in horsenettle (Solanum carolinense L.) and, in particular, the ways in which such interactions are impacted by inbreeding. Inbreeding is common in flowering plants [22] and increases homozygosity in resulting offspring, thereby exposing deleterious recessive alleles to selection while decreasing the contribution of overdominance to fitness [23] . Consequently, selfed progeny often exhibit reduced fitness relative to outbred progeny (i.e. inbreeding depression). Although investigators have only recently begun to document the impacts of inbreeding on plant -insect interactions, several recent studies show that inbred plants suffer higher levels of herbivory than outbred plants [24, 25] , and that herbivores develop more rapidly on inbred plants [26, 27] . The mechanisms underlying such effects are not well studied, but may include indirect effects mediated by a general reduction in vigour associated with inbreeding [23, 24, 28] , as well as the direct disruption of plant defences-for example, through the effects of deleterious recessives on the expression of genes involved in plant defence pathways [29, 30] .
Our previous work on horsenettle has documented significant effects of inbreeding on plant defences against insect herbivores, including alteration of constitutive and induced volatile emissions and the plant -insect interactions they mediate [16] . For example, we observed higher levels of constitutive volatile emissions from inbred plants (relative to outbred plants) under field conditions, which appeared to mediate increased recruitment of insect herbivores. By contrast, volatile induction in response to insect feeding was attenuated in inbred plants, which consequently recruited fewer predators and parasitoids than herbivore-damaged outbred plants [16] . These findings suggest that the overall volatile signalling phenotype of horsenettle is compromised by inbreeding, consistent with a previous observation of dramatic impacts of inbreeding on plant fitness and plant susceptibility to herbivore damage in the field [31] .
Building on this work, the current study investigates the behavioural responses and oviposition preferences of a night-flying, Solanaceae-specialist lepidopteran (Manduca sexta L.) to the night-time volatile emissions of inbred and outbred horsenettle plants from three maternal families. We previously demonstrated that the performance of M. sexta larvae is significantly enhanced on inbred relative to outbred horsenettle plants [27] , also work with other plant and insect species has shown that plant-derived volatile cues can exhibit substantial variation between day and night, and that nightactive insect herbivores are particularly responsive to volatile profiles emitted during the dark phase of the photoperiod [12,32 -34] . The current study explores how the night-time volatile profiles-and the plant -herbivore interactions they mediate-are influenced by genotypic variation among individual plants and inbreeding.
Material and methods (a) The study system
Solanum carolinense is an herbaceous perennial weed that inhabits agricultural fields, crop pastures and wastelands throughout southeastern Canada and the central and eastern United States [35] . Once established, S. carolinense spreads via horizontal, rhizome-like roots that extend up to 1 m from the parent stem [36] . Though self-incompatibility (SI) is uncommon in weeds [37, 38] , horsenettle exhibits a typical solanaceous-type ribonuclease-mediated gametophytic SI system [39, 40] . However, the SI system in S. carolinense is leaky, and the likelihood of selfing is influenced by flower age, prior fruit production [41, 42] , and the presence of certain S alleles [42] . Horsenettle exhibits a variety of defence traits (spines, stellate trichomes and toxic glycoalkaloids) [43 -45] and is attacked by many important solanaceae-specialist herbivores and pathogens, which also attack related crops in the genus Solanum (e.g. tomato and potato) [46 -48] . Tobacco hornworm larvae (M. sexta) have been observed feeding on S. carolinense within the area from which our laboratory populations are collected [31, 46] .
(b) Plant materials
Rootstocks were collected from a field population near State College, Pennsylvania and grown in a greenhouse in 4 l pots (16 L : 8 D; 258C : 228C, respectively, 65% relative humidity (RH)) [42] . After a six to eight week cold treatment, each root was divided into pieces, which were replanted in 4 l pots to re-sprout. Flowers produced on one ramet from each of the original 16 field-collected plants were outcrossed, while flowers from a second ramet from each of the 16 original genets were self-pollinated (inbred) until a total of 40 flowers per ramet were pollinated. A sample of the resulting seeds from self-and cross-pollinations were germinated and grown in the greenhouse.
Horizontal roots from one inbred and one outbred plant from three of the original 16 maternal families (designated B1, B3 and B4) were allowed to sprout in flatbeds, containing a peat-based, general-purpose potting soil (Pro-Mix, Premier Horticulture Inc., Quakertown, PA, USA), which were maintained in a growth chamber (conditions as above) and watered on alternate days. After 10-15 days, the sprouts were transplanted into 2 l pots and moved to an insect-free greenhouse. Plants used in all experiments were six to eight weeks old and had not yet flowered.
(c) Rearing of Manduca sexta
Eggs obtained from the Carolina Biological Supply (NC) were hatched on moist filter paper, and the larvae were reared on artificial casein diet in plastic containers inside a growth chamber set to a 16 L : 8 D photoperiod, 258C day and 228C night temperatures, respectively, and 65% RH. Larvae that pupated were sexed and stored in a bin of shredded paper in the dark. After eclosion, one male and one female moth were moved to a cage (0.25 m 3 ) and provided with a dilute Gatorade solution as a food source.
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We collected volatiles from 12 inbred and 12 outbred ramets (four ramets of inbred and outbred plants from each of the three maternal families). Collections occurred on four successive nights, with one inbred and one outbred plant from each family represented each night, and were conducted in a greenhouse with no supplemental lighting using a push -pull collection system (Analytical Research Systems, Gainesville, FL, USA (see [16] for full description). Each volatile trap collected headspace volatiles for a maximum of 4 h (to prevent break-through loss of small molecular weight compounds) from 22.00 to 02.00 (trap 1) and 02.00 to 06.00 (trap 2). After the collections, the traps were eluted with 150 ml methylene chloride, plus 5 ml of a mix containing the internal standards n-octane (40 ng ml
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) and nonyl-acetate (80 ng ml
). Samples were injected in 1 ml aliquots into an Agilent model 6890 gas chromatograph fitted with a flame ionization detector, and then quantified (for details see [16] ). For the final analysis, the two time points (22.00 -02.00 and 02.00 -06.00) were summed for each replicate. Volatile amounts were corrected for plant dry weight in order to account for slight differences in plant size among replicates. The data from the four nights were pooled for each inbred and outbred genet from each of the three maternal families for the final analysis. Total volatiles were analysed using ANOVA (using logtransformed values) with breeding (fixed), family (random) and family Â breeding as the terms in the model (MINITAB v. 14). To examine qualitative differences in herbivore-induced blends, we employed principal component analysis (PCA; with each volatile as a variable in the analysis), followed by MANOVA (with terms as for total volatiles ANOVA) using rank-transformed scores (newly generated orthogonal data values) for components 1 and 2 (MINITAB v. 14). This multivariate approach has been used previously to analyse volatile emissions of horsenettle [46] and is appropriate for volatile data where individual compounds are likely to be correlated with one another. To complement the multivariate analysis (compound loading plots, see figure 1 ) and further explore the contributions of individual compounds to differences in the blend, we also examined compound abundance by breeding type. A compound was considered elevated if means were separated by 1.5 times each standard error value (lower compound plus 1.5 Â s.e. versus higher compound minus 1.5 Â s.e.). Our inclusion of the additional separation criteria of half of each s.e. interval in addition to a full s.e. interval results in a more stringent comparison of means relative with other studies [6, 16] , which used simple nonoverlap of s.e. to describe upregulation of individual compounds arising from common biosynthetic pathways.
(e) Oviposition trials
Oviposition choice tests were performed with uncovered plants (moths allowed to contact leaf surface) and plants covered with a green mesh fabric. For the uncovered plants, 4 six-week-old horsenettle plants (two ramets from one inbred progeny and two ramets from one outbred progeny from one maternal family) were used for each trial. For each of the three families, the oviposition preference of six female moths was examined for inbred versus outbred plants in a large mesh cage (1 m figure S1 ). For each trial, a pair of Manduca adults (one male and one female) was placed into the centre of the cage on the day of the experiment. An Erlenmeyer flask with 50 per cent lemon-flavour Gatorade solution was placed at the centre of the cage as a food source. During the next day, eggs were carefully counted and removed (see the electronic supplementary material, figure S2 and video S1). Plants were watered each day after egg counting, and the trial continued for a total of four nights for each moth. Data (total number of eggs laid on each breeding treatment) were analysed separately using x 2 -tests (MINITAB v. 14). We also performed a 'no-choice' experiment in which moths were presented with only inbred or only outbred ramets from each of the three maternal families (each breeding Â family combination represented by three sets of plants and three separate moths). The total number of eggs deposited per moth on each breeding treatment over four consecutive days was analysed using a paired t-test (MINITAB v. 14).
To assess the effects of olfactory cues on moth oviposition preferences in the absence of other cues, we repeated the choice tests (as above) using plants covered in four layers of green bridal veil which allowed emission of volatiles while obscuring visual cues-especially as the assays were conducted in darkness-and preventing direct contact with the plants (see the electronic supplementary material, figure S3 and video S2 ). This experiment was carried out using three moths per maternal family. Thus, the lower overall egg counts in these assays relative to the previous experiment reflect the smaller number of moths used. The distribution of eggs laid across the two breeding treatments was analysed as for the previous set of choice tests. Since plant volatile emissions are a function of total leaf area, we also measured the fresh weight of leaves from plants used in oviposition experiments (three plants of each breeding type from each family). The leaves were removed and weighed after oviposition and the data were analysed using a paired t-test (MINITAB v. 14).
We also made behavioural observations to determine whether female Manduca moths spent different amounts of time flying near or contacting inbred and outbred plants. These observations were carried out in dim light just sufficient for visual observation (accomplished by allowing light infiltration from an adjacent room through a slightly open door). Using a stopwatch, we recorded time spent hovering near or laying eggs on plants of each breeding type during bouts of oviposition activity ('oviposition events'). Individual oviposition events were clearly delimited by intervening periods of prolonged resting/feeding lasting several minutes. Within individual events, moths would sometimes alight briefly (for a few seconds) on the floor or walls of the cage; these brief resting periods were not timed. Each moth was observed until four distinct oviposition events were completed. To evaluate the resulting data, we used repeated measures ANOVA with breeding (fixed) and oviposition event (the time component), moth, family and family Â breeding as random factors (MINITAB v. 14).
(f ) Raw data
The raw data collected from the experiments have been deposited in ScholarSphere, a secure repository operated by The Pennsylvania State University. The files can be accessed at https://scholarsphere.psu.edu/files/gf06g267d.
Results (a) Volatile collections
Outbred plants exhibited significantly higher total night-time volatile emissions than inbred plants ( figure 1a and table 1 ). This pattern was consistent across all three families despite among-family variation (see the electronic supplementary material, figure S4 and table S1 ). In the PCA, the first two components explained over 66 per cent of the variation in volatile blend (figure 1b), and there is significant separation of data points only by breeding according to these two axes (family and family Â breeding are not significant; table 2). Of 23 compounds observed in all families, 17 were elevated rspb.royalsocietypublishing.org Proc R Soc B 280: 20130020 in blends emitted by outbred plants relative to inbred plants (table 3) , and no compounds were elevated in inbred plant blends relative to outbred blends. Of the 10 most abundant compounds, eight were elevated in outbred plants, with seven of these being terpenes. Additionally, the 10 most abundant compounds all had strong loadings along PC1 (values further from the origin along the x-axis), and several, including indole, tridecatetraene and methyl salicylate, also had moderately strong loadings along PC2 (values further from the origin along the y-axis). This indicates that these compounds, 80 per cent of which were elevated in outbred blends, also contributed the most to explaining variation along the two PC axes. Additionally, four compounds occurring as minor constituents of the overall blend were only detected in outbred plants (methyl benzoate, 1-butanol 3-methyl acetate, myrcene and an unknown compound).
(b) Oviposition assays
When allowed to choose among uncovered plants, M. sexta females consistently preferred inbred over outbred plants, across all maternal families (x figure 2b ; electronic supplementary material, figure S5b and movie S2). We found that moths readily oviposited onto the bridal veil and did not appear to make any extra effort to contact the leaf surface underneath the veil for oviposition (see the electronic supplementary material, figure S3 ). In no-choice assays, moths laid slightly, but not significantly, more eggs on inbred plants (x 2 1 ¼ 2.95, p ¼ 0.08; electronic supplementary material, figure S6 ).
Our behavioural analysis showed that moths spent significantly more time hovering near and contacting inbred plants than outbred plants (figure 3; electronic supplementary material, table S2). Time spent was affected by maternal family, but was independent of the moth and individual oviposition event (see the electronic supplementary material, table S2 and figure S7 ). Leaf-area analyses between inbred and outbred plants after oviposition demonstrated no significant difference ( paired t-test; t-value ¼ 21.56, p ¼ 0.138), suggesting that observed patterns of oviposition behaviour reflect breeding-specific differences in volatile emissions rather than differences in plant size.
Discussion
Our data reveal a clear preference of ovipositing M. sexta for inbred (relative to outbred) horsenettle plants (figure 2) that appears to be driven by breeding-specific differences in plant volatile emissions ( figure 1 and table 3) . In choice assays, female moths laid far more eggs on inbred than outbred plants, even when plants were covered in bridal veil cloth that minimized visual cues and prevented moths from contacting the plants ( figure 2 ). This result is consistent with our previous reports of increased herbivore recruitment to inbred plants in the field [16, 49] and with the general expectation that the disruption of adapted plant phenotypes by inbreeding can increase susceptibility to herbivory [24, 26] . It is notable, however, that the oviposition preferences observed here appear to be caused by a reduction of volatile emissions from inbred plants during the dark phase of the photoperiod, including a marked reduction in the emission of specific monoterpenes (linalool and a marginal reduction in E-beta-ocimene) and sesquiterpenes (nerolidol, alpha-selinene, elemene, caryophyllene and aromadendrene; figure 1b and table 3) , which are frequent components of herbivore-induced volatile blends that have previously been reported to deter herbivores [12, 50] and attract predators and rspb.royalsocietypublishing.org Proc R Soc B 280: 20130020
parasitoids-although the amounts released constitutively in our night-time collections (even by outbred plants) are much lower than those typically released during the day in response to insect feeding (by the same plant genotypes at the same developmental stage) [16] . Linalool, in particular, has previously been reported in response to feeding by Manduca larvae on Nicotiana [51] and has been shown to elicit a significant response in the projection neurons of female-specific glomeruli in this moth [34, 52] . It has also been implicated as a cue for parasitic wasps foraging for Manduca caterpillars [53] [54] [55] . In addition to mono-and sesquiterpenes, our data also indicate that two homoterpenes, nonatriene (4,8-dimethyl-1,3,7-nonatriene) and tridecatetraene (3E,7E)-4,8,12-trimethyl-1-3-7-11-tridecatetraene), were elevated in the night-time emissions of outbred plants relative to inbred plants ( figure 1b and table 3 ). These compounds have also been shown to act as oviposition deterrents for other insects [56] . For example, constitutive volatile emissions from Melinis minutiflora, including nonatriene and the sesquiterpene beta-caryophyllene, are repellent to gravid stem-borer females of Busseola fusca (Lepidoptera, Noctuidae) and Chilo partellus (Lepidoptera, Pyralidae), facilitating the use of this plant as the 'push' component of a model 'push-pull' agricultural system where it is inter-planted with valuable crop species [57, 58] . In horsenettle, we recently reported that linalool and E-beta-ocimene were upregulated above constitutive levels (in day-time volatile profiles) following damage by M. sexta larvae, along with nonatriene, which was significantly induced only in outbred plants. In a field experiment testing the consequences of this variation in volatile blends among inbred and outbred plants, we found that fewer herbivores were recruited to the odours of damaged plants in the field [16] . Thus, it appears that horsenettle plants constitutively emit a number of compounds during the dark phase of the photoperiod that have previously been shown to have repellent effects on insect herbivores, including M. sexta females, and many of which are known to be induced or upregulated by insect feeding damage. Furthermore, we observe an overall reduction of volatile emissions ( particularly for inbred plants) and emission of fewer volatile compounds at night relative to the day-time volatile emissions previously described for each of these maternal families [16] . The strong preference of female moths for odours of inbred plants despite their attenuated volatile emissions provides some support for the hypothesis that the constitutive volatile emissions released by horsenettle plants during the dark phase of the photoperiod may convey accurate information about plant defence capabilities-or other features of host plant quality for the herbivores-and suggests that these repellent cues are compromised by inbreeding. This is consistent with our previous findings suggesting that the overall plant resistance phenotype is compromised in inbred plants [16, 31, 49] . We have, furthermore, previously reported significantly enhanced performance of M. sexta larvae on inbred relative to outbred plants [27] , suggesting that the oviposition preferences observed in the current study reflect an accurate assessment of host plant quality on the basis of olfactory cues.
Despite the fact that both our current and past findings reveal a consistent pattern of increased herbivore recruitment to and colonization of inbred plants, the current findings contrast strongly with our previous finding that constitutive volatile emissions of inbred plants were elevated during the light phase of the photoperiod [16] . The pattern observed during the daytime was driven to a large extent by overall higher emissions of green leaf volatiles (6-carbon alcohols, aldehydes and esters), which are attractive to herbivores [59, 60] and to a lesser extent by specific terpenes (including myrcene and beta-pinene), which have also been shown to attract herbivores in other studies [61, 62] . By contrast, at night, overall constitutive emissions of inbred plants are reduced relative to outbred plants (figure 1a), with this difference being driven by increased emissions of terpene compounds from outbred plants ( figure 1b and table 3 ). Synthesis of mono-and sesquiterpenes is often light-dependent (through photosynthesis-driven production of the C-5 isoprene units that serve as precursors). However, studies have shown that storage of monoterpenes in both aqueous and lipid-rich cellular environments is possible, even in the absence of specific storage structures such as glandular trichomes or resin ducts (not present in horsenettle) [63, 64] . Furthermore, significant evidence exists for night-time emission of sesquiterpenes, which constitute the majority of the biologically relevant molecules emitted in lower amounts by inbred plants in our study (e.g. [12] , reviewed in [65] ). Therefore, it is likely that the maintenance of consistent levels of constitutive terpene emissions by outbred plants during the dark phase, with a concurrent reduction in constitutive release of these compounds by inbred plants, may represent breeding-specific differences in the capacity for terpene storage and release (mono-and sesquiterpenes) or synthesis under light-limited conditions (sesquiterpenes). Our previous work examining herbivore-induced volatile emissions for these same genotypes under light conditions clearly indicates that inbred plants are impaired in their capacity to synthesize terpenes, lending support to the hypothesis that other aspects of terpene regulation may be similarly disrupted [16] . Thus, the impacts of inbreeding on horsenettle volatile emissions may have the effect of increasing the recruitment of herbivores to inbred plants both during the day and at night (consistent with the expectation of a general disruption of the adapted plant phenotype), and may in both instances be related to the functionality of the terpene biosynthetic machinery.
Conclusions
Although several recent studies have shown that inbreeding reduces plant resistance to herbivores and that herbivores feeding on inbred plants outperform herbivores feeding on outbred plants [24] [25] [26] 65] , the mechanisms underlying the reduced rspb.royalsocietypublishing.org Proc R Soc B 280: 20130020 resistance have not been examined. Our current findings demonstrate that inbreeding alters the nocturnal emission of volatiles in S. carolinense and that female M. sexta moths can distinguish between the volatile blends produced by inbred and outbred plants and preferentially oviposit on inbred plants.
To our knowledge, this is the first study to demonstrate that intraspecific variation in constitutively emitted nocturnal volatiles influences herbivore oviposition behavior. This study also suggests that the reduced resistance of inbred plants is apparent to at least some herbivores before they land on the plant. Given the strong possibility that disruption of terpene production and/or storage is related to the behavioural patterns we have observed, future work should focus on understanding how inbreeding disrupts the production of terpene synthase enzymes and other constitutive chemical and physical defences (e.g. transcriptome analysis), a task that is now feasible owing to the recent successful hybridization of horsenettle transcripts with commercially available tomato microarray chips [49] .
